In this study, the host-sensitivity and host-specifi city of JC virus (JCV) and BK virus (BKV) polyomaviruses were evaluated by testing wastewater and fecal samples from nine host groups in Southeast Queensland, Australia. Th e JCV and BKV polyomaviruses were detected in 63 human wastewater samples collected from primary and secondary effl uent, suggesting high sensitivity of these viruses in human wastewater. In the 81 animal wastewater and fecal samples tested, 80 were polymerase chain reaction (PCR) negative for the JCV and BKV markers. Only one sample (out of 81 animal wastewater and fecal samples) from pig wastewater was positive. Nonetheless, the overall host-specifi city of these viruses to diff erentiate between human and animal wastewater and fecal samples was 0.99. To our knowledge, this is the fi rst study in Australia that reports on the high specifi city of JCV and BKV polyomaviruses. To evaluate the fi eld application of these viral markers for detecting human fecal pollution, 20 environmental samples were collected from a coastal river. In the 20 samples tested, 15% (3/20) and 70% (14/20) samples exceeded the regulatory guidelines for Escherichia coli and enterococci levels for marine waters. In all, fi ve (25%) samples were PCR positive for JCV and BKV, indicating the presence of human fecal pollution in the coastal river investigated. Th e results suggest that JCV and BKV detection using PCR could be a useful tool for identifying human-sourced fecal pollution in coastal waters.
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Evaluating Sewage-Associated JCV and BKV Polyomaviruses for Sourcing Human Fecal Pollution in a Coastal River in Southeast Queensland, Australia W. Ahmed* and C. Wan Department of Environment and Resource Management A. Goonetilleke Queensland University of Technology T. Gardner Department of Environment and Resource Management T he source identification of possible fecal pollution in drinking, recreational, and shellfi sh harvesting water is vitally important to implement appropriate mitigation strategies to minimize public health risks associated with the exposure to pathogens. Identifying the sources of fecal pollution in environmental waters is extremely diffi cult because of the diff use nature of the sources of pollution. Defective on-site wastewater treatment systems, stormwater drains, and runoff from agricultural areas could be potential sources of fecal pollution (Aslan-Yilmaz et al., 2004; Dietz et al., 2004) . Over the last decade, researchers have developed microbial source tracking (MST) techniques to distinguish human from animal fecal pollution sources (Fong et al., 2005; Hagedorn et al., 2003; Scott et al., 2005; Wiggins et al., 1999) .
Th e majority of MST methods developed in the early years are library dependent, requiring the assemblage of a library of fecal indicators such as Escherichia coli and/or enterococci from suspected sources using various phenotypic and genotypic methods. Phenotypic or genotypic patterns of target indicators are then compared to the library to identify their probable sources (Scott et al., 2002) . Th e most commonly used library-dependent methods are antibiotic resistance analysis (ARA) (Wiggins et al., 1999) , carbon source utilization (CSU) (Ahmed et al., 2005; Hagedorn et al., 2003) , pulsed-fi eld gel electrophoresis (PFGE) (Myoda et al., 2003) , repetitive extragenic palindromic polymerase chain reaction (rep-PCR) (Dombek et al., 2000) , and ribotyping (Scott et al., 2003) .
Several signifi cant limitations in library-dependent methods have been widely discussed in the research literature (Ahmed et al., 2006; Field and Samadpour, 2007; Gordon et al., 2002; Hartel et al., 2002; Harwood et al., 2003; Jenkins et al., 2003; Scott et al., 2003) . Researchers have also applied library-independent methods that rely on detecting genetic markers in a given sample using PCR assays. In this method, DNA/RNA is extracted from a water sample without any culture step and is screened for genetic marker(s). Th e most important feature of this approach is that markers that are diffi cult to detect with culture assays may be more easily detected. Th e most commonly used library-independent methods include anaerobic bacterial genetic markers (i.e., host-specifi c Bacteroides and Bifi dobacterium), bacterial toxin genetic markers (i.e., host-specifi c E. coli toxin genes such as pig-specifi c STIb and cattle-specifi c LTIIa), and sewage-specifi c enterococci surface protein (esp) gene found in Enterococci faecium (Chern et al., 2004; Khatib et al., 2002; Khatib et al., 2003; Scott et al., 2005) , and viral genetic markers (host-specifi c adenoviruses, polyomaviruses, and F + RNA phages) (Fong et al., 2005; Griffi n et al., 2003; Kirs and Smith, 2007) .
JC virus (JCV) and BK virus (BKV) polyomaviruses (PVs) are unique to humans and generally produce asymptomatic viruria in humans, especially in immunocompromised people (Polo et al., 2004) . Th ese viruses are frequently excreted in urine from a healthy individual. For example, JCV is excreted by 40 to 80% of the population in Europe (Bofi ll-Mas et al., 2000) . Because high titers of JCV have been found in sewage, it has been suggested that JCV could serve as a useful indicator or marker to indicate the presence of human sewage in environmental water sources (Bofi ll-Mas et al., 2000) . In recent years, JCV and BKV PVs have been used to indicate the presence of sewage pollution in environmental waters in the United States (Brownell et al., 2007; McQuaig et al., 2006) . Th e quantitative PCR (qPCR) method has been used to quantify these viruses in samples from sewage and environmental waters (McQuaig et al., 2009) . JC and BK viruses exhibited high host-specifi city in a recent study in the United States (McQuaig et al., 2006) . However, little is known regarding the host-specifi city of JCV and BKV markers in Australia.
Th e primary aim of this study was to evaluate the host-specifi city of JCV and BKV viruses in wastewater and fecal samples from nine host groups, including humans collected from a sewage treatment plant (STP), from an abattoir, and from common animal species in Southeast Queensland, Australia. Environmental water samples were also collected from a coastal river potentially aff ected by fecal pollution and tested for the presence of JCV and BKV to identify human-sourced fecal pollution.
Materials and Methods

Fecal Samples for JCV and BKV Host-Specifi city Assay
Host-specifi city and sensitivity are commonly used parameters for evaluating human and animal wastewater-associated molecular markers. It has been suggested that the specifi city of the molecular markers must be tested prior to fi eld application to accurately identify the source(s) (Field and Samadpour, 2007) . To determine the host-specifi city of human-associated JCV and BKV, 144 human and animal wastewater and fecal samples were collected from nine host groups. Th ese host groups were selected because they are common in various catchments in Southeast Queensland. Composite human wastewater samples were collected from primary infl uent (n = 40), and secondary effl uent (n = 23) of two STPs on two separate occasions. Composite cattle (n = 10), pigs (n = 10), and sheep (n = 16) wastewater samples were collected from an abattoir in Killarney, Queensland. Approximately, 10 mL of composite human and animal wastewater samples were collected, inserted into 50-mL sterile containers, and transported on ice to the laboratory for DNA extraction. Chicken fecal samples (n = 10; individual), and dog fecal samples (n = 10; individual) were collected from a chicken farm and a dog park, respectively. Duck (n = 10; individual), and wild bird (n = 5; individual) fecal samples were collected from Brisbane City Botanical Gardens, where a large number of ducks and wild birds roam. Kangaroo fecal samples (n = 10; individual) were collected from the University of the Sunshine Coast where a large number of kangaroos roam. A fresh fecal sample (∼0.5-1.0 g) was collected from the fresh defecation of each individual animal with sterile swabs, inserted into a sterile container, and transported on ice to the laboratory; DNA was extracted within 6 to 8 h.
Viral DNA Extraction from Human and Animal Wastewater and Fecal Samples
For viral DNA extraction, a previously published method was used (Haramoto et al., 2005) . Briefl y, each human and animal wastewater composite sample (10 mL), and individual animal fecal sample (0.5 g suspended in 10 mL of phosphate buff ered saline [PBS]) was supplemented with 2.5 mM MgCl 2 and then passed through a HA electronegative membrane (0.45 μm pore size, 90 mm diameter, Millipore, Tokyo) attached to a glass fi lter holder (Advantec, Tokyo). Subsequently, 100 mL of 0.5 mM H 2 SO 4 (pH 3) was passed through the fi lter to remove magnesium ions and other electropositive substances, followed by fi ltration of 10 mL of 1 mM NaOH (pH 11) for elution of viruses from the fi lter. Th e fi ltrate was recovered in a tube containing 100 μL of 100 × Tris ethylenediaminetetraacetic acid buff er (EDTA) (pH 8) for neutralization. All 10-mL elutes were stored at −20°C until further processing. Th e concentrated samples were further concentrated, purifi ed, and desalted with Centriprep YM-50 concentrator columns (Millipore). Samples were added to the Centriprep YM-50 and centrifuged at 1000 g for 10 min, followed by the removal of the sample that passed through the ultrafi ltration membrane (i.e., 10 mL) and further centrifugation at 1000 g for 10 min to obtain a fi nal volume of 400 μL. Concentrates were split in half (2 × 200 μL) and stored at −80°C. DNA was extracted from each concentrated sample (200 μL) using DNeasy blood and tissue kit (Qiagen, Valencia, CA). Extracted viral DNA was resuspended in 200 μL buff er AE, and stored at −80°C until processed.
PCR Positive Control
JCV and BKV positive controls were isolated from sewage. In brief, the PCR-amplifi ed products were purifi ed using a QIAquick PCR purifi cation kit (Qiagen), cloned into a pGEM-T-Easy vector system (Promega, Madison, WI), transferred into E. coli JM109-competent cells, and placed on Luria-Bertani (LB) agar plates containing ampicillin isopropyl-β-D-thiogalactopyranoside, and 5-bromo-4-chloro-3indolyl-β-D-galactopyranoside, as recommended by the manufacturer. Recombinant plasmids with corresponding inserts were purifi ed using a plasmid mini kit (Qiagen). DNA sequencing was performed at the Australian Genome Research Facility (St. Lucia, Queensland, Australia).
Testing for PCR Inhibitors in Human and Animal Wastewater and Fecal Samples by Real-Time PCR
Human and animal wastewater samples may contain numerous organic and inorganic substances with the potential to inhibit PCR amplifi cation (Wilson, 1997 ). An experiment was conducted to determine the potential presence of inhibitory substances in DNA extracted from human and animal wastewater and fecal samples. DNA was extracted from ultrapure DNase-and RNase-free sterile distilled water (Invitrogen) after concentrating the samples according to the method described earlier. A representative number of pooled cattle (n = 5), pig (n = 5), and sheep (n = 5) wastewater DNA samples and dog (n = 5) and duck (n = 5) fecal DNA samples were spiked with 10 3 gene copies of the sewage-associated HF183 Bacteroides markers (Bernhard and Field 2000) . Th is was done as animal wastewater and fecal samples should not contain the sewageassociated HF183 markers (Ahmed et al., 2008) . In contrast, human wastewater DNA samples were spiked with the CF128 cattle-associated Bacteroides markers (Bernhard and Field, 2000) . Th e real-time PCR was performed using a Rotor-Gene 6000 real-time cycler (Corbett Research, Mortlake, Australia). Amplifi cation was performed in 25-μL reaction mixtures using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, Carlsbad, CA). Th e real-time PCR mixture contained 12.5 μL of SuperMix, 300nM of each primer, 1 μL of corresponding human or animal wastewater DNA, and 1 μL of the HF183 or CF128 DNA. Both real-time PCR consisted of 2 min at 50°C, 15 min at 95°C followed by 45 cycles of 30 s at 94°C, 60 s at 59°C, and 60 s at 72°C, and a fi nal extension of 5 min at 72°C. Th e threshold cycle (C T ) values of these spiked human and animal wastewater and fecal DNA samples were compared with the DNA sample of distilled water spiked with the same concentration of the HF183 and CF128 markers.
Binary PCR for Host-Specifi city Assay
Binary PCR was used for JCV and BKV host-specifi city assay. For PCR amplifi cation, a previously published primer set was used (Table 1) (McQuaig et al., 2009 ). Polymerase chain reaction amplifi cation was performed in 50 μL Platinum Blue SuperMix (Invitrogen, Carlsbad, CA). Th e PCR mixture contained 45 μL of SuperMix, 300 nM of each primer, and 3 μL of corresponding DNA. Th e PCR consisted of 2 min at 50°C, 10 min at 95°C followed by 45 cycles of 15 s at 95°C, 15 s at 55°C, and then extension of 60 s for 60°C.
Environmental Water Sampling
Environmental water samples (n = 20) were collected from fi ve locations (MR1-MR5) in Maroochy River, Sunshine Coast Region located approximately 100 km from Brisbane, Queensland, on four separate occasions (Fig. 1) . Four samples were collected from each site. Th e sampling sites are characterized by intensive recreational activities such as fi shing, swimming, and water sports. Salinity was measured during sampling and ranged between 28 ± 2 to 32 ± 2 ppt. Sampling site MR1 is located close to the mouth of the Maroochy River. Sampling sites MR2 and MR3 are located near stormwater pipes draining into the Maroochy River. Th e pipes receive runoff from urban areas. Sampling site MR4 is located below the Maroochy STP, and sampling site MR5 is located above the STP. Samples were generally collected during the low tide except on occasion 2, when all the samples were collected during high tide. Samples were collected in 5-L plastic containers and transported to the laboratory on ice for microbiological analysis.
Isolation of Fecal Indicators
Th e membrane fi ltration method was used to process the environmental samples for E. coli and enterococci enumeration. We chose E. coli for monitoring because local councils in Southeast Queensland use this indicator for regulatory purpose. Sample serial dilutions were made, fi ltered through 0.45-μm pore size (47-mm diameter) nitrocellulose membranes (Advantec, Tokyo), and placed on modifi ed membrane-thermotolerant E. coli agar (modifi ed mTEC agar) (Difco, Detroit, MI), membrane-Enterococcus indoxyl-D-glucoside (mEI agar) (Difco) for the isolation of E. coli and enterococci, respectively. Modifi ed mTEC agar plates were incubated at 35°C for 2 h to recover stressed cells, followed by incubation at 44°C for 22 h (USEPA, 2002), and mEI agar plates were incubated at 41°C for 48 h (USEPA, 1997). All water samples were tested in triplicate for the enumeration of fecal indicators.
Viral DNA Extraction from Environmental Water Samples
JCV and BKV concentration, purifi cation, and DNA extraction from environmental water samples were performed according to a previously published method (Haramoto et al., 2005) . Depending on the turbidity of the water, 1.5 to 2 L of environmental water samples were used for DNA extraction. After concentration and purifi cation, DNA was extracted from each concentrated sample (200 μL) using DNeasy blood and tissue kit (Qiagen). Extracted viral DNA was resuspended in 200 μL buff er AE, and stored at −80°C until processed.
Testing for PCR Inhibitors in Environmental Water Samples Using Real-Time PCR
An experiment was conducted to determine the potential presence of PCR inhibitory substances in environmental water samples. DNA of representative water samples (n = 5) collected from the Maroochy River (see above) was used for this assay. DNA samples were spiked with 10 3 gene copies of the cattle wastewater-associated CF128 Bacteroides markers. Th e threshold cycle (C T ) values of these spiked DNA samples were compared to those of the DNA samples from distilled water spiked with the same concentration of the CF128 markers.
PCR Quality Control
For binary/real-time PCR experiment, corresponding positive (i.e., target DNA) and negative (sterile water) controls were included. Each DNA sample was tested in triplicate to obtain positive or negative results. Samples were considered positive when the visible band was the same size as that of the positive control DNA. DNA extraction and the PCR set-up were performed in separate laboratories. To prevent false positive results for water samples, a method blank was included for each batch of water sample.
Binary PCR Detection Limit
To determine the binary PCR detection limit of JCV and BKV, sewage samples were suspended in seawater (n = 3) at a ratio 1:1 (62.5 mL water:62.5 mL fresh sewage), and sample serial dilutions (10 −1 to 10 −7 ) were made. Water samples were autoclaved before spiking with sewage and exposed under ultraviolet light for 1 h to minimize background target DNA that could be present due to possible fecal pollution. DNA extraction was performed for each dilution and tested with the binary PCR. Th e numbers of E. coli and enterococci were enumerated using membrane fi ltration method for each dilution. All DNA samples were tested in triplicate.
DNA Sequencing
To verify the identity of the PCR products obtained from animal fecal samples and environmental waters, PCR-amplifi ed products were purifi ed using the QIAquick purifi cation kit (Qiagen) as recommended by the manufacturer's instructions (Qiagen) and cloned in duplicate into the pGEM Easy Vector system (Promega) as recommended by the manufacturer. Plasmids were extracted using the QIAprep Spin-Miniprep kit (Qiagen). Bidirectional sequences were obtained using T7 and SP6 long sequencing primer targeting sites on either side of the insert. DNA sequencing was performed at the Australian Genome Research Facility (St Lucia, Queensland, Australia).
Statistical Analysis
One-way ANOVA was performed to determine the diff erences between the C T values obtained for distilled water vs. human wastewater samples vs. animal wastewater and fecal samples. One-way ANOVA was also performed to determine the differences between the C T values obtained for distilled water and those obtained for DNA from environmental water samples.
Results
PCR Inhibitors in Human and Animal Wastewater and Fecal Samples
Th e mean C T values obtained for the spiked HF183 and CF128 markers in distilled water, human wastewater, and animal wastewater and fecal DNA samples are shown in Table  2 . For human wastewater (i.e., primary infl uent at a STP) DNA samples, the mean C T vales were 26 ± 0.9 (obtained for undiluted DNA), 26 ± 0.6 (obtained for 10-fold dilution of undiluted DNA), and 26 ± 1.1 (obtained for 100-fold dilution of undiluted DNA). Similarly, for animal wastewater and fecal samples, the mean C T values were 26 ± 0.7 (obtained for undiluted DNA), 25 ± 0.5 (obtained for 10-fold dilution of undiluted DNA), and 26 ± 0.5 (obtained for 100-fold dilution of undiluted DNA). No signifi cant diff erences (P > 0.05) were observed between the C T values for spiked distilled water with human and animal wastewater and fecal DNA, indicating the samples were free of PCR inhibitors.
Host-Specifi city of the JCV and BKV
Host-specifi city is the probability to detect when a source is not present and is calculated by dividing the number of true-negative results by the number of samples that should not contain the target. Th e JCV and BKV were detected in all samples collected from the primary and secondary effl uent and were not detected in 80 animal wastewater and fecal samples (Table 3) . Only one sample from pig wastewater was positive, and DNA sequencing showed that this sequence aligned with BKV sequences. Nonetheless, the overall host-specifi city of the JCV and BKV to diff erentiate between human and animal wastewater and fecal samples was 0.99.
PCR Inhibitors in Environmental Water Samples
Environmental water samples contain numerous organic and inorganic substances with the potential to inhibit PCR reaction. To determine the eff ects of inhibitors, DNA extracted from environmental waters (samples from Maroochy River) was spiked with known gene copies of the CF128 markers and tested with real-time PCR. Th e mean C T values are shown in Table 4 . No signifi cant diff erences (P > 0.05) were observed between the C T values for spiked distilled water and those for environmental water samples, thus confi rming that the samples were free of PCR inhibitors.
Binary PCR Detection Limit
Th e binary PCR assay resulted in the detection of JCV and BKV up to dilution 10 −4 (equivalent to 6.25 μL of raw sewage) for all replicate DNA samples. Lower dilutions were tested, but positive results were not obtained for all replicate DNA samples. Th e concentration of E. coli and enterococci at this dilution was 390 ± 80 and 80 ± 60 × colony-forming units (CFUs)/6.25 μL of raw sewage, respectively.
Concentration of Fecal Indicators and the Binary PCR Results of JCV and BKV Polyomaviruses in Samples from Environmental Waters
Th e concentration of E. coli in water samples ranged between <1 to 2900 ± 300 CFU/100 mL of water (Table 5) . Th e concentration of enterococci in water samples ranged between <1 to 1600 ± 180 CFU/100 mL of water.
Th e numbers of E. coli in three (15%) samples exceeded the Australian and New Zealand Environment and Conservation Council (ANZECC) recreational water quality guidelines for fresh and marine waters of 150 fecal coliforms/100 mL for primary contact (ANZECC and ARMCANZ, 2000) . Fifteen (75%) samples exceeded the ANZECC guidelines for fresh and marine waters of 35 enterococci/100 mL for primary contact. In 20 samples tested, 5 (25%) were positive for JCV and BKV, indicating the presence of human wastewater in various sites in Maroochy River. Up to three amplicons of each positively identifi ed sample were sequenced, and the sequences were aligned with either JCV or BKV sequences.
Discussion
Human-specifi c JCV and BKV PVs have been reported to be associated with sewage and have been used to identify sewage fecal pollution in environmental waters (McQuaig et al., 2006; Brownell et al., 2007) . A recent study successfully demonstrated the application of a newly developed qPCR assay to quantify JCV and BKV in sewage, septic tanks, and environmental waters in Florida (McQuaig et al., 2009 ). However, little is known regarding the host-specifi city and applicability of JCV and BKV in terms of human sewage pollution tracking outside the United States. In this study, the host-specifi city of JCV and BKV was determined by testing wastewater and fecal samples from humans and animals.
JCV and BKV are generally excreted in human urine. Th erefore, host-specifi city assay wastewater (i.e., mixture of Table 2 . Determination of polymerase chain reaction (PCR) inhibitors on the real-time PCR detection of spiked sewage-associated HF183 and cattle wastewater associated CF128 Bacteroides markers in sewage and animal fecal samples as opposed to distilled water samples.
Samples
Threshold cycle (C T ) value (mean ± SD) for real-time PCR Undiluted DNA 10-fold dilution 100-fold dilution urine and feces) samples were tested where possible. JCV and BKV were present in all human wastewater samples tested in this study. JCV and/or BKV have been detected in various geographical locations such as Egypt, Greece, Spain, France, Sweden, and the United States (Bofi ll- Mas et al., 2000) . From the 81 animal wastewater and fecal samples tested, 80 were PCR negative, indicating high host-specifi city of JCV and BKV. High host-specifi city of JCV and BKV has also been reported in recent studies (McQuaig et al., 2006 (McQuaig et al., , 2009 . Only one pig wastewater sample was positive for BKV. It should be noted that pig wastewater samples were collected from an abattoir and therefore, cross-contamination with human wastewater in the abattoir cannot be ruled out. One advantage of using human viruses is their host-specifi city. Recently, human-specifi c Bacteroides and the esp markers were reported to be found in fecal samples from animals, especially dogs (Ahmed et al., 2008; Whitman et al., 2007) . Th erefore, the detection of such markers in environmental waters and interpretation of results is diffi cult considering the occurrence of the marker in several animal species. For JCV and BKV host-specifi city assay, care was taken to prevent false positive or negative results. DNA extracted from human and animal wastewater and fecal samples was tested for the presence of PCR inhibitors, which could mask PCR amplifi cation. Th e results indicated that the wastewater and fecal DNA samples were free of PCR inhibitors. Th e viral DNA extraction method used in this study involved membrane fi ltration followed by virus concentration and purifi cation using a Centriprep column. Th erefore, DNA extracted from samples should not contain any PCR inhibitory substances (Haramoto et al., 2005) . Th e PCR detection limit was determined by spiking raw sewage in environmental waters. Th e binary PCR assay resulted in the detection of JCV and BKV up to dilution 10 −4 (equivalent to 6.25 μL of raw sewage), suggesting that the PCR assay can detect JCV and BKV when environmental waters are contaminated with only 6.25 μL of sewage. However, in this study, this could be seen as the end point result as we used binary PCR. A recent study reported that the concentration of JCV and BKV in raw sewage ranged between 10 2 to 10 4 PCR detectable units/mL and 10 1 to 10 3 PCR detectable units/mL, respectively (McQuaig et al., 2009) . From these data, it is possible to approximately estimate the concentration of the JCV and BKV in 6.25 μL of sewage, which is up to 6.0 × 10 1 PCRdetectable JCV and BKV.
In this study, environmental water samples were collected from a coastal river. Several sites are located in the vicinity of stormwater pipes and a STP, which may create the potential for fecal pollution. Th e concentrations of fecal indicators in most of the sites were generally low, which could be explained by the fact that the decay rates of fecal indicators are higher in saltwater compared with freshwater. As a result, these indicators may not persist in water for a prolonged period (Anderson et al., 1979 (Anderson et al., , 2005 . Sample from site MR2 collected on occasion 1 was positive for the JCV and BKV. Th is site is in the vicinity of a stormwater pipe draining into the river. It is highly probable that the stormwater pipe contributed JCV and BKV in the Maroochy River. Th e E. coli and enterococci concentrations at site MR4 and MR5 on sampling occasion 1 were higher than the other sites, but samples from these sites were negative for the JCV and BKV. Th e higher concentrations of fecal indicators could be attributed to the fact that the study area received a signifi cant amount of rainfall (>100 mm) 2 d before sampling. In addition, a portion of these E. coli and Table 4 . Determination of polymerase chain reaction (PCR) inhibitors on the real-time PCR detection of spiked sewage-associated HF183 Bacteroides markers in surface water samples as opposed to distilled water samples.
Threshold cycle (C T ) value (mean ± SD) for real-time PCR Undiluted DNA 10-fold dilution 100-fold dilution enterococci may have originated from wildlife such as wild birds and kangaroos. None of the samples collected on occasion 2 was positive for the JCV and BKV. Samples were collected during high tide on this occasion, with more water fl owing in, making it diffi cult to detect the target. Th ree samples (sites MR1, MR3, and MR4) on occasion 3 were positive for JCV and BKV. Contribution from the STP could not be ruled out. It should be noted that a major upgrade was being undertaken at the Maroochy STP during sampling period. On the other hand, the low concentrations of fecal indicator bacteria did not suggest STP failure. Th e plant discharges chlorinated effl uent into the river. It has been reported that some viruses can survive disinfection such as chlorination (Payment et al., 1985) . It is also possible that the PCR assay may have detected DNA from noninfective viruses. Th e presence of JCV and BKV in downstream sites (MR1 and MR3) could be originating from stormwater pipes. Th e presence of polyomaviruses and adenoviruses in environmental water and stormwater has been reported in research literature (McQuaig et al., 2006; Rajal et al., 2007) . However, concentrations of fecal indicators at these sites were generally low. Sample from site MR1 on occasion 3 was positive for JCV and BKV but was negative for E. coli. Samples collected from sampling site MR2 on occasions 1 and 4 were also positive for JCV and BKV, but the concentrations of fecal indicators were below the ANZECC guidelines (ANZECC and ARMCANZ. 2000) . Th e poor correlation between fecal indicators and JCV and BKV has been reported in research literature for sewage and environmental waters in the United States (McQuaig et al., 2006 (McQuaig et al., , 2009 . Little is known regarding the correlation between fecal indicators and viruses in environmental waters in Southeast Queensland. Th ese data are particularly important for local water quality monitoring authorities in Australia who use E. coli to assess the microbiological quality of surface and recreational waters.
Th e advantages of using JCV and BKV are that these viruses are highly host-specifi c and that high titers of JCV and BKV are found in sewage. JCV and BKV are double-stranded DNA viruses and more stable to environmental stresses and treatments compared with fecal indicators commonly used to predict the presence of viral and protozoan pathogens. Th erefore, these viruses are better suited as surrogates for human pathogens especially viruses and protozoans (Dorner et al., 2007; Harwood et al., 2005) . One limitation of using viral markers is that their concentrations appear to be low in sewage compared with bacterial markers such as Bacteroides. Th erefore, to detect these markers, a large volume of water needs to be analyzed. In addition, their absence in a water sample does not rule out the presence of human fecal pollution. For the accurate identifi cation of human fecal pollution, it is recommended that multiple markers (viral and bacterial) be used where possible (McQuaig et al., 2006) . Th e current study is not quantitative and therefore does not provide information regarding the magnitude of fecal pollution in the river under investigation. Currently, a qPCR method is being developed for the quantitative detection of these markers in environmental waters.
In conclusion, the results obtained in the current study suggest that JCV and BKV detection using PCR is a useful tool for the identifi cation of human sourced sewage pollution in coastal waters and would greatly enhance our ability to detect human fecal pollution in environmental waters.
